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weighted	 functional	 traits	with	 succession.	We	aimed	 to	 track	 long-	term	 recovery	
trajectories	 of	 species	 and	 carbon	 stocks	 in	 secondary	 forests,	 comparing	 5	 to	
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mate	 change	 through	 their	 role	 as	 carbon	 sinks	 (Beer	et	al.,	 2010;	
Pan	et	al.,	2011),	acting	as	safeguards	of	unique	species	and	excep-
tionally	 biodiverse	 communities	 (Gardner	 et	al.,	 2012;	 Slik	 et	al.,	
2015),	and	directly	supporting	the	livelihoods	of	millions	of	people	
(Chomitz,	 Buys,	 de	 Luca,	 Thomas	 &	 Wertz-	Kanounnikoff,	 2007).	
However,	 increasing	 anthropogenic	 pressure	 is	 leading	 to	 acceler-
ated	 land-	use	change	(FAO,	2016)	 In	the	case	of	subsistence	shift-











(Chazdon,	 2008;	 Rozendaal	 &	 Chazdon,	 2015).	 These	 chronose-
quence	 studies—primarily	 conducted	 in	 the	 Neotropics—have	
shown	that	recovery	rates	vary	dramatically	with	climatic	factors	
(Anderson,	Allen,	Gillooly	&	Brown,	2006;	Becknell,	Kissing	Kucek	
&	 Powers,	 2012;	 Poorter	 et	al.,	 2016),	 soil	 fertility	 (Becknell	 &	
Powers,	2014;	Moran	et	al.,	2000),	and	the	duration	and	intensity	
of	land	use	prior	to	abandonment	(Gehring,	Denich	&	Vlek,	2005;	
Jakovac,	 Peña-	Claros,	 Kuyper	 &	 Bongers,	 2015).	 Meta-	analyses	
from	 the	Neotropics	 have	 shown	 that	 forests	 in	 South	 America	
seem	to	be	quite	resilient	to	disturbance.	After	a	few	decades	of	
regrowth,	they	seem	to	attain	levels	of	aboveground	carbon	(AGC;	
Becknell	 et	al.,	 2012;	Martin,	 Newton	 &	 Bullock,	 2013;	 Poorter	
et	al.,	2016),	soil	organic	carbon	(SOC;	Marin-	Spiotta	et	al.,	2007;	
Marín-	Spiotta	&	Sharma,	2013;	Martin	et	al.,	2013),	 tree	 species	
richness	 (Chazdon,	 2008;	 Chazdon	 et	al.,	 2009;	 Guariguata	 &	
Ostertag,	 2001;	Peña-	Claros,	 2003),	 and	 functional	 composition	
(Chazdon,	 2008;	Dent,	Dewalt	&	Denslow,	 2013)	 close	 to	 those	
from	old	growth	forests.	Because	of	these	decadal	recovery	rates,	







that	 it	 contains	 the	 second	 largest	 contiguous	 block	 of	 tropical	
forest.	Hence,	 to	complement	the	 large	existing	body	of	work	 in	
Neotropical	forests,	more	studies	are	needed	on	forest	regrowth	
in	Africa	because	 (a)	 important	differences	between	African	and	




global	population	growth	 for	 the	next	century	 is	expected	 to	be	
dominated	 by	 population	 growth	 in	 Africa,	 with	 an	 estimated	





In	 this	 study,	we	 explored	 two	 research	 questions	 for	 Central	
African	forests:	(a)	How	fast	can	both	aboveground	and	soil	carbon	

















Wamba	 forest	 landscape	 (1°51′50″N	 –	 0°26′28″N;	 19°41′5″E	
–	 23°32′43″E;	 350–400	m	 a.s.l.)	 in	 the	 Tshuapa	 province	 in	 the	
Democratic	Republic	of	 the	Congo	 (DRC).	Vegetation	at	 the	study	
site	 is	classified	as	semi-	deciduous	rain	forest	and	 is	characterized	
by	two	dominant	climax	forest	types:	mixed	lowland	tropical	forest	
and Gilbertiodendron	 dominated	 forest,	 where	>	60%	 of	 the	 basal	
area	 consists	 of	 one	 species,	 Gilbertiodendron dewevrei.	 Climate	
falls	within	 the	 Af-	type	 (tropical	 rain	 forest	 climate)	 following	 the	
Köppen–Geiger	classification.	Soils	in	the	region	are	typical	deeply	
weathered	and	nutrient-	poor	Ferralsols,	with	very	limited	elevation	




dominated by Musanga cecropioides and Macaranga species	 (Young;	







     |  3BAUTERS ET Al.
carbon	stocks,	and	diversity	of	old	growth	mixed	forest	with.	Hence,	









2.2 | Field inventories, sampling, and analysis
We	inventoried	the	15	1-	ha	plots	following	an	international	stand-
ardized	 protocol	 for	 tropical	 forest	 inventories	 (RAINFOR;	 Malhi	
et	al.,	2002).	 In	each	plot,	 the	diameter	of	all	 live	 stems	with	a	di-
ameter	 larger	 than	 10	cm	 was	 measured	 at	 1.3	m	 height	 and	 the	
trees	were	 identified	to	species	 level.	 In	addition,	 the	tree	heights	
of	approximately	20%	of	all	trees	in	each	plot	were	measured,	with	





















each	 plot	 at	 five	 depth	 increments	 (0–10,	 10–20,	 20–30,	 30–50,	
and	 50–100	cm)	 in	 September	 2016.	 Both	 sample	 sets	were	 sub-
divided	 into	two	sets	which	were	 (a)	oven-	dried	at	60°C	for	48	hr,	
and	subsequently	homogenized	(composite	samples	for	analysis),	or	













SerCon,	UK),	 interfaced	with	an	 isotope	 ratios	mass	 spectrometer	
(IRMS;	20–22,	SerCon,	UK).











in	 the	composite	 soil	 samples	 from	each	plot.	The	charcoal	pieces	
found	 in	 the	 composite	 topsoil	 sample	 are	 assumed	 to	 originate	
from	wood	 that	burnt	during	 the	 last	 fire	event	 at	 the	 forest	 site.	
Subsequently,	charcoal	pieces	were	dated	with	an	accelerator	mass	
spectrometer	(MICADAS,	ETH,	Switzerland)	at	KIKIRPA	in	Belgium.	
Radiocarbon	 age	 determinations	 of	 wood	 charcoal	 are	 commonly	
used	 to	 date	 past	 forest	 fire	 events	 (Hubau,	 van	 den	 Bulcke,	 van	
Acker	&	Beeckman,	 2015).	All	 residues	were	pre-	treated	with	 the	
acid-	alkali-	acid	 (AAA)	method.	 14C	determinations	were	measured	




2010).	 Calibrated	 radiocarbon	 ages	were	 determined	 using	OxCal	
version	4.2	(Bronk	Ramsey,	2009)	and	the	IntCal13	calibration	curve	
date	(Reimer	et	al.,	2013)	to	correct	for	variation	in	atmospheric	ra-
diocarbon concentrations over time.
2.4 | Data analysis









cal	 constraints,	 it	was	not	possible	 to	measure	 the	WD	of	 all	 tree	












vidual	 trees	 in	each	plot.	 In	addition	 to	 rarefied	species	 richness,	




To	 analyze	 functional	 composition,	 all	 trees	 were	 grouped	 into	
three	 functional	 types	 based	 on	 shade	 tolerance	 following	 pub-
lished	work	 (Hawthorne,	 1995):	 pioneer	 species	 (P),	 non-	pioneer	
light-	demanding	 species	 (NPLD),	 and	 shade	 bearer	 species	 (SB).	
P	 species	 require	 gaps	 for	 establishment,	 NPLD	 species	 can	 es-






















were	 not	met,	 the	 data	were	 log-	transformed.	Kruskal–Wallis	 and	
subsequent	Dunn's	tests	were	used	on	the	data	that	did	not	meet	the	
ANOVA	assumptions	after	 transformation.	Significance	was	deter-
mined as p < 0.05.	Successional	stages	with	only	one	replicate	were	
left	out	of	this	analysis.	Additionally,	we	used	multivariate	analysis	to	
assess	 species	 turnover	and	 species’	 association	with	 successional	




Team	2018),	using	 the	vegan	package	 for	 the	ordination	 (Oksanen	
et	al.,	2013).
3  | RESULTS
Our	 chronosequence	 consisted	 of	 three	 Young	 plots	 (5–25	years),	
three	 SYoung	 plots	 (25–30	years),	 five	 SOld	 plots	 (approx.	 150–
300	years),	one	Old-	Mix	plot	 (1700	years),	 and	 three	Old-	Gil	plots	
(no	age	estimation).	Radiocarbon	dating	of	 charcoal	 indicated	 that	
two	of	the	three	presumed	Old-	Mix	plots	were	much	younger	than	
the	third	Old-	Mix	plot	and	had	approximately	the	same	age	as	the	
three	 presumed	 SOld	 plots	 (Supporting	 Information	 Table	 S2).	
Moreover,	 the	 abundance	 of	 big	 trees	 was	 significantly	 lower	 in	
these	 two	plots	compared	with	 the	 third	Old-	Mix	plot.	Therefore,	
we	 reclassified	 these	plots	as	SOld	 forest,	 instead	of	Old-	Mix	 for-
est	as	previously	classified	by	forest	experts	from	INERA.	The	pos-




1810AD	 (48.8%	 probability;	 206–286	years	 prior	 to	 sampling)	 for	
plot	3,	we	choose	to	refer	to	this	successional	grouping	as	“approx.	
150–300	years”	 throughout	 the	paper.	 For	Old-	Mix,	 the	dates	 fall	
within	230–410AD	(95.4%;	1605–1785	years	prior	to	sampling),	for	
which	we	use	“1700	years”	throughout	the	paper.	Although	we	ac-
knowledge	 that	 precise	 age	 is	 highly	 uncertain,	 and	may	be	much	












nificantly	 increased	 with	 succession	 and	 converged	 toward	 those	
of	Old-	Mix	forest.	Pielou's	evenness	index	did	not	show	any	signifi-
cant	differences	between	the	different	stages	(Figure	2,	Supporting	




succession	 stages	 (Figure	2).	Overall,	we	sampled	 leaves	of	a	 total	
of	429	 individual	 trees,	 covering	152	of	 the	216	 tree	 species	 that	





between	 SOld	 and	 Old-	Mix,	 suggesting	 that	 functional	 composi-
tion	of	SOld	 forest	 converged	 toward	 that	of	Old-	Mix	 forest.	The	
DCA	also	shows	the	species	turnover	along	DCA	axis	1	(eigenvalue	
0.7,	with	an	axis	 length	of	4.6;	Figure	3).	Finally,	 the	δ15N isotopic 
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signature	of	both	the	topsoil	and	the	canopy	showed	no	significant	
differences	 along	 the	 forest	 succession	 (Supporting	 Information	
Tables	S2	and	S3).
Aboveground	carbon	increased	along	the	successional	gradient,	















was	 observed	 in	Old-	Mix,	 primarily	 due	 to	 higher	 carbon	 content	
in	the	lower	soil	layers	(Figure	1).	The	SOC	of	SOld	forest	was	only	
60%	of	that	measured	in	Old-	Mix.	However,	despite	this	higher	car-
bon	content	at	depth	 the	 in	Old-	Mix	compared	 to	other	 sites,	 the	
radiocarbon	content	of	the	deep	soil	was	similar	across	all	profiles.	
At	the	surface,	the	Old-	Mix	had	the	lowest	soil	radiocarbon	values	




4.1 | Species composition and diversity along 
succession: a fast species recovery
An	initial	 fast	recovery	of	composition	and	diversity	was	shown	in	
the	lack	of	significant	differences	between	SYoung	forest	and	SOld	
forest,	 which	 suggests	 that	 tropical	 tree	 species	 diversity	 recov-
ered	rapidly	following	agricultural	abandonment,	and	is	in	line	with	
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slowly	increases	(Derroire	et	al.,	2016;	Martin	et	al.,	2013;	Peña-	Claros,	
2003),	even	to	the	extent	that	old	growth	secondary	forests	globally	
might	 be	 important	 for	 the	 conservation	 of	 a	 distinct	 “secondary”	









other	 climax	 forest	 situation	 in	 Central	 Africa,	 showed	 marginally	
lower	diversity	 indices,	with	yet	 another	 set	of	unique	 species.	This	















4.2 | Functional community assembly: partial shift 













conserve	 resources	 dominate	 the	 poor	 light	 environment	 of	 late-	
successional	stages	 (Reich,	2014).	Hence,	during	succession	 leaves	
run	 from	short-	lived,	high	specific	 leaf	area	 (SLA)	 leaves	with	high	
assimilation	 rates	 to	 longer-	lived,	 low	 SLA	 leaves	 that	 supposedly	




















studies	 have	 documented	 this	 apparent	 decoupling	 of	 both	 traits	
along	 forest	 succession	 (Becknell	 &	 Powers,	 2014;	 Craven,	 Hall,	











that	Central	African	 forests	 are	 able	 to	 fully	 alleviate	N	 limitation	
during	 succession.	 This	 is	 also	 further	 confirmed	 by	 the	 lack	 of	 a	




American	 forest	 successions,	 indicating	 an	 increasingly	 “leaky”	N-	
cycle	 (Davidson	 et	al.,	 2007),	 while	 for	 our	 forest	 succession,	 the	
differences	 between	 extremes	 did	 not	 exceed	 1‰	 (Supporting	
Information	Table	S3).
4.3 | Carbon stocks: fast initial recovery, slow full 
recovery?
Our	dataset	suggests	that	AGC	stocks	recover	very	slowly	 in	the	
central	 Congo	 Basin;	 approx.	 150–300	years	 after	 agricultural	
abandonment	second	growth	forest	at	our	study	site	had	AGC	that	
was	only	57%	of	those	of	our	Old-	Mix	plot.	Because	this	succes-
sional	 stage	was	 represented	by	only	one	plot,	 this	 result	 should	
be	 treated	with	 caution.	However,	 other	Central	 African	 studies	







similar	 AGC	 stocks,	with	 on	 average	more	 large	 trees	 (Figure	1).	
Nevertheless,	our	results	are	in	stark	contrast	with	the	high	resil-






heavily	 on	how	we	 interpret	 the	 charcoal	 datings	 from	 the	SOld	
forest.	Indeed,	the	forest	might	be	much	younger	than	indicated	by	
both	the	charcoal	pieces	and	the	interviews,	in	which	case	the	AGC	
recovery	 rate	would	be	closer	 to	 those	 reported	 for	Neotropical	
forest.
In	contrast	to	AGC,	SOC	stocks	showed	relatively	little	change	
over	 the	succession	gradient,	with	 the	exception	of	 the	stocks	 in	

















form	 along	 the	 succession	 gradient	 studied	 here,	 SOC	 stocks	 in	
the	Old-	Mix	were	much	higher,	particularly	at	depth.	Because	this	













lead	 to	 substantial	 overestimations	 in	 the	 recovery	 rates	 of	 tropi-
cal	forests.	Altogether,	we	show	that	the	initial	recovery	of	carbon	
stocks	 in	 secondary	 succession	 is	quite	 fast	 across	Young	 to	SOld	
forests.	 Although	 our	 data	 are	 inconclusive	 with	 respect	 to	 Old-	
Mix,	the	data	suggest	that	the	full	recovery	to	pristine	forest	carbon	
stocks	might	be	slower.
Dating	 of	 plots	 in	 this	 study	 must	 be	 interpreted	 with	 cau-
tion.	 Rather	 than	 relying	 on	 the	 exact	 dates	 for	 analysis	 and	 in-
terpretation,	we	prefer	 to	use	 the	charcoal	dates	 as	 an	 indicator	
     |  9BAUTERS ET Al.









in	 the	 age	of	 the	wood	 itself	 prior	 to	 burning	 and	 conversion	 to	
charcoal	(Gavin,	2001),	and	possible	bias	of	measurements	due	to	
residual	SOM	adsorbed	to	the	charcoal	(Wagner	et	al.,	2018).Thus,	
care	 should	be	 taken	 in	 interpreting	plot	ages	based	on	charcoal	
radiocarbon	dates	alone.	Nevertheless,	both	the	species	turnover	




Overall,	 we	 found	 convincing	 evidence	 that	 the	 tree	 species	 di-
versity,	 taxonomic,	and	 functional	community	assembly	of	Central	
African	forests	recover	relatively	quickly.	However,	the	two	climax	
forest	 types	 and	 the	 approx.	 200-	year-	old	 secondary	 forest	 still	
safeguard	a	small	set	of	distinct	species	unique	to	the	respective	for-
est	 types.	 Additionally,	 the	 recovery	 of	 the	 functional	 community	
assembly	 follows	 a	 trajectory	 from	 resource	 acquisition	 in	 young	
forest	 to	 resource	 conservation	 in	 climax	 forest	 in	 terms	of	wood	
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